Introduction: Fecal microbiota transfer (FMT) is highly effective in the treatment and prevention of recurrent Clostridioides difficile infection (rCDI) with cure rates of about 80% after a single treatment. Nevertheless, the reasons for failure in the remaining 20% remain largely elusive. The aim of the present study was to investigate different potential clinical predictors of response to FMT in Germany. Methods: Information was extracted from the MicroTrans Registry (NCT02681068), a retrospective observational multicenter study, collecting data from patients undergoing FMT for recurrent or refractory CDI in Germany. We performed binary logistic regression with the following covariates: age, gender, ribotype 027, Eastern Co-operative Oncology Group score, immunosuppression, preparation for FMT by use of proton pump inhibitor, antimotility agents and bowel lavage, previous recurrences, severity of CDI, antibiotic induction treatment, fresh or frozen FMT preparation, and route of application. Results: Treatment response was achieved in 191/240 evaluable cases (79.6%) at day 30 (D30) post FMT and 78.1% at day 90 (D90) post FMT. Assessment of clinical predictors for FMT failure by forward and confirmatory backwardstepwise regression analysis yielded higher age as an independent predictor of FMT failure (p ¼ 0.001; OR 1.060; 95%CI 1.025-1.097). Conclusion: FMT in Germany is associated with high cure rates at D30 and D90. No specific pre-treatment, preparation or application strategy had an impact on FMT success. Only higher age was identified as an independent risk factor for 
Introduction
The clinical application of fecal microbiota transfer (FMT) for the treatment of recurrent Clostridioides difficile infections (rCDI) has increased rapidly since the first publication of a randomized controlled trial in 2013. 1 In the following years, its efficacy has been confirmed, not only in further randomized clinical trials, but also in clinical practice. 2, 3 In 2013, the European Society of Clinical Microbiology and Infectious Diseases (ESCMID) included FMT in the guidelines for the treatment of rCDI with an AI recommendation. 4 In Germany, FMT is subject to the German Medicines Act (Arzneimittelgesetz; AMG), meaning that FMT can only be performed as an individualized clinical trial (treatment of last resort, based on an unregistered drug in a setting where all registered options failed to achieve a clinical response), unless preparations are manufactured in a certified Good Manufacturing Practice facility. To date, such a facility has not been approved in Germany. As a consequence, FMT is poorly standardized at a national level. In 2015, the German Clinical Microbiome Study Group (GCMSG) created the MicroTrans Registry in an attempt to capture all active sites and FMT strategies. The first data analysis was published in the following year, confirming the high efficacy and acceptable safety of FMT in the treatment of rCDI, while at the same time, revealing significant variability of treatment standards between centers. 2 Recently, a first effort has been made to standardize the performance of FMT in Europe, but further work in this area is required. 5, 6 From a statistical point of view, heterogeneity is usually perceived as a drawback; however, in the context of a multicenter registry, it may help to identify factors contributing to treatment success. Previous analyses of this kind suggest that specific risk factors, including early use of antibiotics after FMT, female sex, inadequate bowel preparation, surgery prior to FMT, inpatient status, severity of CDI, as well as the number of previous CDI recurrences are associated with FMT failure; [7] [8] [9] [10] [11] however, none of these analyses was performed within the extremely diverse treatment context of Germany. When searching for potential reasons for limited treatment success, the ideal route of FMT application may be of high relevance. To date, there is no randomized study designed as a head to head comparison of all available applications, namely via a duodenal tube or upper gastrointestinal tract endoscopy, a colonoscopy, capsules or an enema. To answer this question in the context of a real-life treatment setting, we performed an analysis of data captured in the MicroTrans registry with a focus on clinical predictors of FMT failure.
Methods
The MicroTrans Registry (NCT02681068) is a retrospective observational multicenter study, collecting data from patients undergoing FMT for recurrent or refractory CDI in Germany. Currently, 35 sites are contributing data to this network. Documentation was performed by use of an online eCRF at ClinicalSurveys.Net from January 2014 to February 2018. Data capture included age, gender, height, weight, underlying disease, ECOG (Eastern Cooperative Oncology Group) status, indication for FMT, previous treatments for CDI, antibiotic induction treatment, chemotherapy, immunosuppression, ribotype 027, bowel-movement pre/post-transplant, proton pump inhibitor use, antimotility agent use and bowel lavage in preparation for FMT, fresh or frozen FMT preparation, duration of storage, type of administration, response to treatment, primary cure, secondary cure, follow-up, treatment-related adverse event (AE) assessment, and associated day 30 (D30) mortality. AEs were documented only if considered at least potentially related to FMT. Data was entered into the database based on a chart review. Data from all participating sites were centrally exported, tabulated, and analyzed.
Patients were included into the analysis, if they were treated for rCDI and post-treatment observational data covered at least 10 days. Figure 1 illustrates identification of patients for the analysis.
rCDI was defined as per current ESCMID guidelines. 4, 12 CDI was defined as severe when leukocytes were !15 Â 10 3 /lL and/or when creatinine was >1.5 mg/dL on the day of CDI diagnosis. Response to FMT treatment was defined as absence of diarrhea after FMT for at least 48 h. Primary cure D30 and day 90 (D90) were defined as resolution of CDI after FMT until the respective time points. For determination of secondary cure rates, response after multiple FMTs was assessed at D30 and D90. Recurrence was defined as the occurrence of CDI after an initial response to treatment. Treatment failure was defined as a lack of any response to treatment or recurrence before D30 or D90, respectively.
For statistical analysis, IBM SPSS Statistics software (version 21, IBM Corporation, Armonk, NY, USA) was used. We performed descriptive statistics as appropriate to evaluate the dataset. All risk factors for FMT failure identified during a literature search were first analyzed using univariate statistics (Student's t-test for continuous and Fisher's exact test for dichotomous variables). To assess independence of covariates, we performed binary logistic regression with FMT failure as the dependent variable and potential risk factors as covariates. Based on a review of the literature, the following variables were initially included into the model: age, gender, ribotype 027, ECOG status, immunosuppression, proton pump inhibitor use, antimotility agent use and bowel lavage in preparation for FMT, number of recurrences, severity of CDI, antibiotic induction treatment, fresh or frozen FMT preparation, and type of administration. We then eliminated covariates from the analysis by a stepwise-forward approach, using Wald's statistic with an exclusion margin of 0.1 to improve the model further. As a second step, a stepwisebackward model with an inclusion margin of 0.2 was used to validate the findings. Patients receiving combination treatment were not included into the analysis.
The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki. Since this is a retrospective registry, collecting an anonymized dataset, applicable German law does not require informed consent. Initial approval of the study was obtained from the ethics committee of the University Hospital Cologne (ID: 14-295, 29.12.2014). Subsequently, ethical approval was obtained from participating sites.
Results
Out of 327 cases in the database, 38 were excluded due to not meeting inclusion criteria and 34 based on incomplete data, yielding a total of 256 evaluable patients (Table 1) . Median age was 75 years (interquartile range (IQR): 63.0-81.0), with the majority of patients being female (n ¼ 157; 61.3%). Median ECOG performance was 3 (IQR: 1-4). The most frequent comorbidities reported were cardiovascular (n ¼ 154; 60.2%), gastrointestinal (except CDI) (n ¼ 90; 35.2%), endocrine (n ¼ 81; 31.6%), and kidney diseases (n¼75; 29.3%). A total of 18 patients received chemotherapy (7.0%) and 48 (18.8%) received other immunosuppressive medication. Some patients underwent allogenic stem cell transplantation (n ¼ 4; 1.6%) or solid organ transplantation (n ¼ 8; 3.1%).
The median number of recurrences prior to FMT was 3 (IQR: 1-4). The two most common sequential antibiotic treatments used to treat CDI before FMT were metronidazole followed by vancomycin (n ¼ 91; 35.5%), as well as the sequence of metronidazole, vancomycin, and fidaxomicin (n ¼ 72; 28.1%).
Procedural characteristics are listed in Table 2 . A total of 77.7% of the patients received an antibiotic induction as a preparation for FMT (n ¼ 199); for this purpose, vancomycin was the most frequently used drug (n ¼ 154; 60.2%), whereas in 46 patients (18.0%) FMT was performed without antibiotic induction. Approximately every fourth patient was treated with frozen preparations (n ¼ 68; 26.6%) and 66.8% received a bowel lavage prior to FMT (n ¼ 171). Of note, 3.9% of patients received a bowel lavage despite choosing an oral way of application.
The most frequently used route of administration was colonoscopic administration, excluding enemas (n ¼ 106; 41.4), followed by duodenal/jejunal application (n ¼ 102; 39.8%) and orally by using capsules (n ¼ 45; 17.6%).
Overall, 19 patients suffered treatment-related AEs (7.4%), most of them being of transient gastrointestinal nature. Nausea (n ¼ 6; 2.3%), fever (n ¼ 3; 1.2%), and belching (n ¼ 3; 1.2%) were the most frequent AEs following FMT. Two cases of aspiration pneumonia (0.8%) and one case of hemorrhage (0.4%) in association with endoscopy were reported.
Primary treatment success was achieved in 191 out of 240 cases (79.6%) at D30 post FMT. At D90, 153 of 196 evaluable patients remained without recurrence (78.1%). Response by route of administration is detailed in Table 3 .
A second FMT was administered in 40 patients (15.6%). In two cases, a third FMT was necessary. The secondary response at D30 was 89.6% and remained steady at D90 (89.8%). Assessment of clinical predictors for FMT failure by forward-stepwise regression analysis yielded only higher age as an independent, statistically significant predictor of FMT failure (Table 4 ). This result did not change, if a backward-stepwise approach was used. 
Discussion
The MicroTrans Registry was introduced to capture the current status within the German FMT landscape. The data presented here confirms that FMT, independent of its application strategy or baseline status of the patient, is a viable and safe option in the treatment of rCDI, with proof of efficacy beyond clinical trials in a larger cohort than previously reported by us. 2 Longitudinal comparisons with our previous analysis, 2 as well as real-life data from other groups, reveal trends indicating the transition of novel findings into clinical practice. Firstly, the number of immunocompromised patients treated with FMT is rising. Interestingly, the likelihood of experiencing a serious AE attributable to FMT does not seem to be significantly elevated in this group of vulnerable patients, underlining the safety of FMT. 2, 10, 13, 14 Secondly, our study is the first to compare encapsulated FMT preparations to the standard upper and lower gastrointestinal tract application routes in a European real-life setting. Based on monovariate analysis, clinical effectiveness of encapsulated preparations appears to be slightly inferior (Table 3) , logistic regression analysis, however, reveals this finding to be confounded by the higher age of patients opting for a capsule-based approach, as age was the only independent predictor of FMT failure. This is fully in line with our clinical experience, as specifically older patients and their relatives are concerned that an endoscopic approach and the necessary preparations might represent an additional and avoidable risk.
On the other hand, age has not been previously identified as a risk factor for FMT failure. [7] [8] [9] [10] 14 Our dataset, however, introduced many variables, e.g. route of application, specific co-medications (proton pump inhibitors, antibiotic induction treatment, bowel lavage and antimotility agents), frozen FMT preparations, and presence of ribotype 027, that in their entirety were not part of previous regression analyses. It is possible that the introduction of these variables may have further refined the regression and therefore have produced results that differ from previous analyses. Unfortunately, we were not able to assess the impact of early non-CDI directed antibiotics, as this variable was not available for all patients.
If we can assume that the route of application has no significant impact on treatment outcome, it seems noteworthy to point out that in rare cases, application of an FMT preparation via the upper gastrointestinal tract may indeed harbor serious risks. Two documented cases of aspiration pneumonia occurred during upper gastrointestinal tract endoscopy. Similar cases have been identified by other authors. 13 Even though these events are rare and the current basis of evidence may not support any conclusions based on statistical significance, these cases might have been avoided by use of another application strategy.
The fact that specific preparation of the patient using an antibiotic induction regimen, proton pump inhibitors, or antimotility agents did not impact treatment success is also noteworthy, as this insight facilitates the practical planning and conduct of a FMT. These factors have not been analyzed in depth.
Our analysis is limited by a lack of randomization, its retrospective documentation scheme, and the low sample size. Even though we asked for the origin of feces in our registry (relative, partner, friend, anonymous, other, or unknown), this information has not been provided in a high number of cases. Finally, the fact that our analysis demonstrates the lack of impact of a large number of clinical factors corroborates a major gap in knowledge on the mechanisms of FMT in rCDI as of today. There is rapidly growing evidence for the crucial role of specific microbiota-associated metabolites, [15] [16] [17] as well as personalized selection of microbiota to be transferred. 18 Recognizing the importance of additional information on microbiota and their associated metabolomics, we are aiming to integrate, expand and harmonize fecal sampling strategies of biobanks existing at different sites of the MicroTrans Registry network to facilitate improved analyses in the future. In conclusion, we were able to show that various FMT strategies are transitioning into clinical practice to help the continuously growing target population. We found that no specific preparation or application strategy had an impact on FMT outcome. Only higher age was identified as an independent risk factor for treatment failure, however, the associated odds ratio is low. Based on our findings and previously published data, factors determining FMT success are likely to be related to microbiota signatures and their associated metabolites.
